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Abstract. Background/Aim: Recent research highlights the
role of cancer-associated adipocytes (CAA) in promoting
breast cancer cell migration, invasion and resistance to
therapy. This study aimed at identifying cellular proteins
differentially regulated in breast cancer cells co-cultured
with CAA. Materials and Methods: Adipocytes isolated from
human breast adipose tissue were co-cultured with hormone
receptor-positive (MCF-7) or -negative (MDA-MB-231)
breast cancer cells using a transwell co-culture system.
Proteomes of co-cultured and control breast cancer cells
were compared quantitatively using iTRAQ labelling and
tandem mass spectrometry, and the results were validated by
western blotting. Results: A total of 1,126 and 1,218 proteins
were identified in MCF-7 and MDA-MB-231 cells,
respectively. Among these, 85 (MCF-7) and 63 (MDA-MB-
231) had an average fold change >1.5 following co-culture.
Pathway analysis revealed that CAA-induced enrichment of
proteins involved in metabolism, the ubiquitin proteasome,
and purine synthesis. Conclusion: This study provides a
proteomic platform for investigating the paracrine role of
CAA in promoting breast cancer cell metastasis and
resistance to therapy.

Breast tissue, particularly in postmenopausal women, is rich
in adipocytes that function as endocrine cells with the ability
to exert biological effects through the secretion of growth
factors, hormones and adipokines (1). Adipocytes at the
invasive edge of human breast tumours exhibit a modified
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phenotype, in which they become delipidated with enlarged
interstitial space, display a decrease in late adipocyte
differentiation markers and overexpress inflammatory
cytokines including IL-6 and IL-1§ (2). Consequently, these
adipocytes have been named cancer-associated adipocytes
(CAA), and this modified CAA phenotype is similarly
exhibited by mature adipocytes co-cultured with breast
cancer cells in vitro (2).

Direct stimulation of breast cancer cells with factors
known to be secreted by mature adipocytes, such as leptin
and IL-6, is capable of supporting and promoting breast
tumorigenicity in both oestrogen responsive and
unresponsive breast cancer cells (3, 4). However, cell—cell
interactions in vivo are complex and adipocytes are unlikely
to obligate breast cancer cell behaviour through a single
secreted molecule. In vitro studies using conditioned media
from 3T3-L1 derived murine adipocytes showed up-
regulation of anti-apoptotic transcriptional programs in
MCEF-7 breast cancer cells (5). Similarly, conditioned media
from breast adipocytes induced migration in non-cancerous
normal breast epithelial cells (6), and increased migration,
proliferation, viability and invasion in a variety of oestrogen
receptor (ER)-positive and ER-negative breast cancer cell
lines (7-13).

In vitro studies, using transwell (non-contact) co-culture
of mature adipocytes with breast cancer cells, have
established that CAA promote breast cancer cell
proliferation, viability, migration and invasion (2, 8, 13-18).
Recent evidence suggests that cross talk with CAA induces
breast cancer cell invasiveness, in part, through metabolic
remodelling of the cancer cell, promoting a shift towards
increased mitochondrial fatty acid oxidation (17, 19). In
addition, breast cancer cells co-cultured with CAA undergo
a partial epithelial-to-mesenchymal transition (EMT) (2), and
become more resistant to radiotherapy (20) and other breast
cancer therapies (21, 22). These findings are further
supported by in vivo xenograft studies, where human breast
cancer cells co-cultured with CAA and subsequently
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implanted in mice show an increased tumour growth and
metastasis (16, 18, 23).

The majority of these co-culture studies have focused on
the altered production of specific adipocyte derived factors,
such as CCLS5, IL-6, IGF-1 and IGFBP-2, that promote
breast cancer cell pro-tumour behaviour via paracrine actions
(2, 8, 14-16). In addition to altered expression of adipocyte
secreted factors, many of these studies have observed
modified expression of targeted genes and proteins in breast
cancer cells following co-culture with CAA, including IL-6,
IL-8, CCL5, MCT2, CPT1A and MMP-2. A number of genes
and pathways have been identified by cDNA microarray
analysis to be differentially expressed in breast cancer cells
after co-culture with CAA (13, 18) or CAA-conditioned
media (5, 10), yet the expression of translated proteins are
not necessarily predicted by this mRNA expression data. To
date, the global regulation of cell protein in breast cancer
cells following co-culture with CAA has not been assessed.

Therefore, the aim of the current study was to identify key
proteins and cellular pathways that are differentially
regulated in breast cancer cells co-cultured with CAA. This
study performed proteomic profiling on ER positive (MCF-
7) and hormone receptor negative (MDA-MB-231) human
breast cancer cells cultured alone or co-cultured with CAA
isolated from human breast adipose tissue, and identified a
number of differentially regulated molecules and enriched
pathways, each of which may be playing an important role
in the relationship between CAA and breast cancer cells in
the tumor microenvironment.

Materials and Methods

Breast cancer cell lines. Human breast cancer cell lines (MCF7:
Luminal A, oestrogen receptor (ER)+, progesterone receptor (PR)+,
HER2-; and MDA-MB-231: Basal, ER-/PR/HER2-) (24) were
purchased from American Tissue Culture Collection (ATCC;
Manassas, VA, USA) and used for experiments within the first 30
passages. All cells used were tested using PCR and found to be
mycoplasma free. Cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) (Thermo Fisher Scientific, Rockford, IL, USA)
supplemented with 10% fetal bovine serum (FBS), 100 units/ml
penicillin and 100 pg/ml streptomycin (Life Technologies, Carlsbad,
CA, USA), in a 37°C incubator with 5% CO,.

Breast adipose tissue samples. Breast adipose tissue samples were
collected from female patients (mean age=63.3 years; age range=35-
81 years) undergoing surgery at Christchurch Hospital for
therapeutic or prophylactic mastectomy between March 2016 and
March 2017. All samples collected from patients with breast
tumours were characterised as invasive ductal carcinoma (IDC).
Adipose tissue was sampled by a pathologist from macroscopically
normal breast tissue. Ethical approval for the study was obtained
from the University of Otago Ethics Committee (reference number
12/319). All patients gave informed written consent, and samples
were collected by the Cancer Society Tissue Bank, Christchurch
using standard operating procedures (25).
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In vitro growth and differentiation of breast adipocytes. Breast
adipose tissue was processed within 1 h of surgical resection to isolate
the stromal vascular fraction (SVF) and differentiate stromal cells into
mature adipocytes, as previously described (26). Briefly, fibrous and
vascular tissue was cut away and the remaining adipose tissue was
minced and enzymatically dissociated using collagenase, (type I from
Clostridium histolyticum; 1 mg/ml in Hanks Balanced Salt Solution
(HBSS); Sigma Aldrich, St. Louis, MA, USA) for 2 h at 37°C with
gentle agitation. Stromal vascular cells were re-suspended in
DMEM/F12 nutrient media with 10% FBS, 100 units/ml penicillin
and 100 pg/ml streptomycin, and plated onto 12 well CellBIND plates
(In Vitro Technologies, Melbourne, Australia) at the equivalent of
0.6 g of adipose tissue per well. After 24 h, adherent cells were
washed with phosphate buffered saline (PBS) (Sigma-Aldrich) and
replenished with fresh DMEM/F12 with 10% FBS, 100 units/ml
penicillin and 100 pg/ml streptomycin. Two days after reaching full
confluence, cells were supplemented for 5 days with serum free
complete differentiation DMEM/F12 media consisting of 0.5 mmol/l
3-isobutyl-1-methylxanthine (IBMX) (Sapphire Biosciences, Redfern,
NSW, Australia), 100 nmol/l insulin (Life Technologies), 100 nmol/l
dexamethasone (Sapphire Biosciences), 2 nmol/l triiodothyronine
(Sigma-Aldrich,), 10 ng/ml transferrin (Sigma-Aldrich), 1 umol/l
rosiglitazone (Sapphire Biosciences), 33 umol/l biotin (Sigma-
Aldrich) and 17 umol/l pantothenic acid (Sigma-Aldrich). Following
the initial induction of differentiation, cells were replenished with
serum free differentiation media DMEM/F12, without 0.5 mmol/l
IBMX, for a further 5 days. Following differentiation, the adipocytes
were maintained in DMEM/F12 with insulin (0.05 mmol/I) and
dexamethasone (10 nmol/l) until fully mature and lipid filled
(approximately 14-21 days). Differentiation of the pre-adipocytes to
mature adipocytes was determined by light microscopy, and only
wells with >70% differentiated adipocytes were used in experiments.
All cell culture was performed at 37°C incubation with 5% CO,.

Transwell co-culture of human breast adipocytes with breast cancer
cell lines. Transwell inserts (Transwell® permeable supports 0.4 um
polyester membrane 12 mm insert, costar®, Corning) were soaked
in DMEM/F12, 10% FBS media at 37°C for =1 h. Differentiated
adipocytes (on the bottom of each well in the 12-well plates) were
replenished immediately before co-culture with fresh DMEM/F12
with 10% FBS, 100 units/ml penicillin and 100 pg/ml streptomycin.
The transwell inserts were placed into the wells suspended above
the differentiated adipocytes, and 500 pl of media containing breast
cancer cells (MCF7=2.4x105 cells/ml; MDA-MB-231=2x105
cells/ml) was added to each insert. Transwell co-culture plates were
then incubated at 37°C with 5% CO, for 3 days. Following
transwell co-culture, media was removed from the inserts and breast
cancer cells were collected for cell proteome analysis (n=2
biological replicates for CAA-MCF-7 and CAA-MDA-MB-231;
each replicate uses adipose tissue from a different patient). Control
MCF-7 (n=2) and MDA-MB-231 (n=2) cells were placed in
transwell inserts and cultured alone (i.e. without adipocytes) in
DMEM/F12 with 10% FBS, 100 units/ml penicillin and 100 pg/ml
streptomycin for 3 days.

Sample preparation and mass spectrometry analysis of the breast
cancer cell proteome. Sample preparation of the control (MCF-7
and MDA-MB-231) and transwell co-cultured (CAA-MCF-7 and
CAA-MDA-MB-231) breast cancer cells was carried out following
the filter-aided sample preparation (FASP) procedure (27). Briefly,
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cells were homogenised in lysis buffer (20 mM Hepes pH 7.5, 1
mM EDTA, 1 mM EGTA, 02% SDS, 5 mM tris(2-
carboxyethyl)phosphine (TCEP) and protease inhibitor (complete
mini EDTA free) (Roche, Basel, Switzerland) and then sonicated in
short intervals for a total period of 2 min. Homogenates were
centrifuged for 60 min at 16,000 x g to remove insoluble material.
The supernatant was loaded onto Ultra-0.5 ml centrifugal filter units
(Merck Millipore, Billerica, MA, USA) with a 3-kDa cutoff for two
detergent depletion steps in 0.2 M triethylammonium bicarbonate
(TEAB) containing 8 M urea and subsequent buffer exchanged into
0.2 M triethylammonium bicarbonate (TEAB). Proteins were
reduced and alkylated on filter according to the instructions of the
8plex iTRAQ (isobaric Tags for Relative and Absolute
Quantification) kit (AB Sciex, Foster City, CA, USA), and then
buffer exchanged into 0.5 M TEAB. Total protein concentrations
were normalised using a Bradford assay and protein was digested
overnight using mass spectrometry grade trypsin (Promega
Corporation, Madison, WI, USA). Prepared peptides from control
(MCF-7 and MDA-MB-231) and transwell co-cultured (CAA-MCF-
7, CAA-MDA-MB-231) breast cancer cells were labelled with
isopropanol activated iTRAQ labels (Figure 1) from the iTRAQ®
Reagents Kit, following manufacturer’s instructions. The labelled
samples were further normalised according to the total iTRAQ
labelling efficiency, measured by LC-coupled LTQ-Orbitrap tandem
MS (as outlined below) in a test sample of pooled aliquots of all
samples. Samples were then pooled accordingly and desalted by C-
18 solid phase extraction. To reduce sample complexity and
improve peptide identification, the iTRAQ labelled peptides were
pre-fractionated by OFFGEL isoelectric focusing over a pH gradient
(pH 3-10) into 12 individual fractions, using the 3100 OFFGEL
fractionator (Agilent Technologies, CA, USA), following the
manufacturer’s instructions. Individual fractions were then desalted
by C-18 solid-phase extraction, vacuum concentrated to dryness and
reconstituted in mass spectrometry loading buffer (5% acetonitrile
in aqueous 0.2% formic acid). Each fraction was analysed by liquid
chromatography coupled tandem mass spectrometry (LC-MS/MS)
using an Ultimate 3000 RSLC-system fitted inline to the nanospray
ionisation source of an LTQ-Orbitrap XL Mass Spectrometer
(Thermo Fisher Scientific). The reversed-phase high performance
liquid chromatography (RP-HPLC) separation of peptides was
achieved on an in-house fused silica emitter tip column (15 cm in
length with 75 pum inner diameter) packed with C-18 beads (3 um
diameter, 100 A pore size), using a flow rate of 400 nl/min. To
improve identification accuracy and quantification counts, three
distinct reversed phase LC gradients were used to analyse each
sample in technical triplicates. Gradients were established in three
linear stages, 5 to 25%, 25 to 45% and 45 to 99% acetonitrile in
aqueous 0.2% formic acid. The length of each gradient run varied
across sample replicates between 40, 65 and 90 min for stage 1, 9,
10 and 9 min for stage 2, and 6, 5 and 6 min for stage 3. The
column was washed and re-equilibrated between each sample. Full
precursor ion scans were performed in the orbitrap analyser in a
mass range of m/z 400-2000 and at a resolution of 60,000 at m/z
400. The highest four peptide signals for replicate one, and highest
five peptide signals for replicate two and three, were selected for
both CID (collision induced dissociation) at a normalised collision
energy of 35% in the LTQ ion trap for protein identification, and
HCD (high-energy collision induced dissociation) at a normalised
collision energy of 55% for reporter ion detection and quantification
in the Orbitrap at a resolution of 15,000 at m/z 400. For replicate

one, dynamic exclusion allowed for two repeated MS/MS
measurements of the same precursor ion before a 90 sec exclusion
duration, and for replicate two and three, dynamic exclusion
allowed for two repeated measurements before a 150 second
exclusion duration. The raw data were processed by the Proteome
Discoverer software (version 1.4, Thermo Fisher Scientific) under
default peak processing settings. Using Sequest HT (Thermo Fisher
Scientific) the lists of peaks were searched against the human
reference amino acid sequence database. iTRAQ labels on lysines,
tyrosines and the peptide N-terminus were selected as variable
modifications. Other variable modifications included oxidised
methionine, methylthio cysteine and deamidation of asparagine and
glutamine. To reduce false positive identifications, the score
threshold was adjusted to an estimated false discovery rate (FDR)
of less than 1% using the Percolator node in Proteome Discoverer
1.4. Based on iTRAQ reporter ion intensities, the iTRAQ
quantification node was used to determine the relative protein
abundances. These ratios were normalised against the control
protein ratio median, and only protein identifications with two or
more significant peptide hits were accepted for quantification. To
be considered for further analysis, proteins had to have two or more
unique peptide hits, three or more ratio counts, control/control ratios
less than 1.3 and match against the reviewed Swiss-Prot database.
Identified proteins with a fold change of 1.5 or greater between
control and transwell co-cultured breast cancer cells were
considered as differentially regulated.

Bioinformatic analysis. The iTRAQ ratios were averaged and log
transformed for each identified protein. Two different lists were
uploaded into the PANTHER (protein annotation through
evolutionary relationship) classification system (Version 12.0;
http://www.pantherdb.org/) for cellular component and pathway
analysis in each cell line using gene list analysis (28, 29). The first
list was analysed for overrepresented cellular components
(PANTHER GO-Slim cellular components) (30), and included all
the proteins that were identified by proteomic profiling in MCF-7
(n=1126) and MDA-MB-231 (n=1218) breast cancer cells. The
second list was analysed for over-represented PANTHER pathways
(31), and included only those proteins that had an average fold
change =1.1 compared to controls, to indicate potentially
meaningful pathways enriched in CAA-MCF-7 (n=576) and CAA-
MDA-MB-231 (n=554). The statistical over-representation test was
performed using the human genome as the reference list, and the
binomial statistic p-values were corrected for multiple testing using
the Bonferroni correction method.

Validation of mass spectrometry results using western analysis. To
validate iTRAQ-based quantifications, western blotting was used to
measure the relative protein abundances of three selected proteins
(NDRG1, N-myc downstream-regulated gene 1 protein; PGKI1,
Phosphoglycerate kinase 1; and TFF1, Trefoil factor 1, Breast cancer
oestrogen-inducible protein) in CAA-MCF-7 and CAA-MDA-MB-
231 cells or control breast cancer cells cultured alone. Additional
transwell co-culture experiments (n=3) were performed to obtain
total protein samples for western analysis, and the CAA-MCF-7 and
CAA-MDA-MB-231 cells used for western analysis were co-
cultured with mature adipocytes isolated from three separate patients
(Figure 1). Total protein was extracted from control and transwell
co-cultured breast cancer cells, and protein concentration was
determined by the BCA assay. A total of 5 pug of sample protein was
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Figure 1. Experimental workflow. Schematic of the proteomic analysis and relative protein abundance validation workflow [n=number of biological

replicates performed as independent experiments (expts)].

mixed with BoltTM LDS sample buffer (Thermo Fisher Scientific)
and dithiothreitol (DTT), denatured and resolved by BoltTM 4-12%
and 12% Bis-Tris Gels with MOPS and MES SDS running buffer
(Life Technologies), respectively. Proteins were transferred onto
PVDF (polyvinylidene fluoride) membrane using BoltTM Transfer
buffer (Life Technologies) with 10% methanol. Membranes were
blocked with 5% w/v skimmed milk powder in tris buffered saline-
tween 20 (TBS-T) (Sigma-Aldrich) for a minimum of 1 h before
incubation with primary antibodies overnight at 4°C. Primary
antibodies were optimised at the following concentrations: anti-
NDRGT] rabbit monoclonal antibody [EPR5593] at 1/5,000; anti-
PGK1 rabbit polyclonal antibody (Abcam, Cambridge, MA, USA)
at 1/1,000; anti-oestrogen inducible protein pS2 (TFF1) rabbit
monoclonal antibody [EPR3972] (Abcam) at 1/1,000 and anti-f3-
actin mouse monoclonal antibody at 1/10,000 (Sigma-Aldrich). Each
western analysis was repeated in triplicate for control (MCF-7,
MDA-MB-231) and co-cultured (CAA-MCF-7, CAA-MDA-MB-
231) breast cancer cell samples. The secondary antibodies used
included polyclonal goat anti-rabbit immunoglobulins/HRP (Dako,
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Glostrup, Copenhagen, Denmark) at 1/5,000 for NDRG1, PGK1 and
TFF1, and goat anti-mouse polyclonal immunoglobulins/HRP (Dako)
used for f-actin at 1/10,000. Secondary antibodies were diluted in
TBS-T and incubated at room temperature for 1 h. PVDF membranes
were imaged using enhanced chemiluminescence (ECL) on an
Alliance 4.7 (Uvitec Cambridge, Cambridge, UK) and were
quantified using ImageJ software. The NDRGI1, PGK1 and TFF1
densitometry values were compared to their respective $-actin bands
to calculate relative expression values, and the relative expression
for CAA-MCF-7 and CAA-MDA-MB-231 were compared to their
respective controls to generate fold change values.

Statistical analysis. Western analysis results are presented as mean
fold-change+SEM for all co-culture compared to control experiments
(n=3, transwell co-culture experiments using adipose tissue from
separate patients). Using GraphPad Prism 5 western blot ratios were
analysed first by Kolmogrov-Smirnov to test data distribution. For
normally distributed data one sample two-tailed 7-tests were used to
compare sample means to 1, and for non-normal data Wilcoxon
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UniProt ID Protein Name CAA-MCF-7 CAA-MDA-MB-231
P00558 Phosphoglycerate Kinase 1 (PGK1) 0.532 0.565
P10619 Lysosomal Protective Protein (PPGB) -0.662 0.466

Q96QK1  Vacuolar protein sorting-associated protein 35 (VPS35) -0.344 0.365

Figure 2. Distribution of iTRAQ ratios identified and quantified in co-culture compared to control. A and B: Waterfall plots showing the distribution
of the average co-culture (CC) versus control ratios (log2) for all the proteins identified in CAA-MCF-7 cells (1,126 proteins) and CAA-MDA-MB-
231 cells (1,218 proteins), respectively. Vertical black bars represent different proteins and horizontal dotted lines represent a fold change (FC) of
1.5 (log2). In MCF-7 cells n=85 and in MDA-MB-231 n=63 proteins were enriched by greater than 1.5-fold. Of these enriched proteins, n=53/85
were down-regulated in MCF-7, whereas n=51/63 proteins were up-regulated by more than 1.5-fold in MDA-MB-231 cells. C: The three proteins
identified and quantified to be differentially abundant by 1.5-fold or greater in both CAA-MCF-7 and CAA-MDA-MB-231 cells after co-culture with

CAA. *FC values are the log of the average CC/control ratios.

signed-rank tests were performed to compare sample medians to 1. p-
Values <0.05 were considered statistically significant. Statistical testing
and graphical formatting were performed using GraphPad Prism 5.

Results

iTRAQ and LC-MS/MS identified and quantified relative
protein abundance differences between control and transwell
co-cultured breast cancer cells. By combining iTRAQ
labelling, peptide fractionation by off gel isoelectric focusing
and LC-MS/MS, a total of 1,126 and 1,218 proteins were
identified from MCF-7 and MDA-MB-231 breast cancer cells,
respectively (Figure 1). For each protein all co-culture/control
iTRAQ ratio (fold change) combinations were used for
quantification. Similar fold changes were reported from
transwell co-culture experiments using adipocytes isolated
from two individual breast cancer patients, suggesting that the
CAA activity was not likely to be patient-specific.

The distribution of the average protein fold changes for
CAA-MCF-7 and CAA-MDA-MB-231 illustrates that the
majority of the proteins identified are similarly expressed in
CAA co-cultured cells compared with the cells cultured
alone (Figure 2A and B). The median fold change values for
MCF-7 and MDA-MB-231 were —-0.029 and -0.003,
respectively. On average, 85 proteins in CAA-MCF-7 and 63
proteins in CAA-MDA-MB-231 were differentially regulated
by 1.5-fold or greater compared to control cell lines (Figure
2A and B). Of the proteins that were changed by 1.5-fold or
greater, more were down-regulated (n=53) than up-regulated
(n=32) in CAA-MCF-7, whereas more proteins were up-
regulated (n=51) than down-regulated (n=12) in CAA-MDA-
MB-231. Three proteins, PGK1 (phosphoglycerate kinase 1),
PPGB (lysosomal protective protein) and VPS35 (vacuolar
protein sorting-associated protein 35) were differentially
regulated in co-cultured versus control cells by 1.5-fold or
greater in both cell lines. However, PGK1 was the only up-
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Table 1. The top 20 proteins organised by greatest fold change (FC) in MCF-7 cells co-cultured with mature breast adipocytes.

UniProt ID Protein Protein Length? Unique FCe Abundance
description peptidesb variabilityd
P04155 TFF1 Trefoil factor 1 (Breast cancer estrogen-inducible protein) 84 2 141 30.8
P16615 AT2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 1042 2 1.291 100.35
QS5JPE7 NOMO2 Nodal modulator 2 1267 3 0.98 18.4
Q03135 CAV1 Caveolin-1 178 4 -0.962 332
Q99439 CNN2 Calponin-2 309 3 -1.008 85.45
P07355 ANXA2 Annexin A2 339 19 -1.041 9.95
P08133 ANXAG6 Annexin A6 673 17 -1.054 37
Q15417 CNN3 Calponin-3 329 2 -1.071 954
P09211 GSTP1 Glutathione S-transferase P 210 5 —-1.108 54.1
P08758 ANXAS Annexin A5 320 15 -1.218 33
P48509 CD151 CD151 antigen (Membrane glycoprotein SFA-1) 253 2 -1.23 24.6
Q9H299 SH3L3 SH3 domain-binding glutamic acid-rich-like protein 3 93 5 -1.438 347
P84074 HPCA Neuron-specific calcium-binding protein hippocalcin 193 2 —1.48 28.75
P21980 TGM2 Protein-glutamine gamma-glutamyltransferase 2 687 10 -1.519 40.35
P50453 SPB9 Serpin B9 (Cytoplasmic antiproteinase 3) 376 2 -1.586 474
P16070 CD44 CD44 antigen (Extracellular matrix receptor III) 742 4 —-1.653 448
P09382 LEG1 Galectin-1 135 7 -1.656 22.15
P08670 VIME Vimentin 466 22 -2.003 60.7
P26447 S10A4 Protein S100-A4 (Calvasculin) (Metastasin) 101 4 -2.199 109.15
P06703 S10A6 Protein S100-A6 90 3 -2.995 26.5

aAmino acid residues; PNumber of unique peptides identified based on a FDR of <1%; ¢Log of the average co-culture/control ratios (fold change);
dVariability of the peptide ratios as a percentage (normalised measure of the peptide ratio spread).

regulated protein in both cell lines, whereas PPGB and
VPS35 were down-regulated in CAA-MCF-7 but up-
regulated in CAA-MDA-MB-231 (Figure 2C).

Lists of the top 20 most differentially regulated proteins
(excluding keratin proteins) in MCF-7 and MDA-MB-231
cells following transwell co-culture with CAA are presented
in Tables I and II. In line with the abovementioned trend, 17
of the top 20 differentially regulated proteins in CAA-MCF-
7 were down-regulated, and 16 out of the top 20 were up-
regulated in CAA-MDA-MB-231.

Overall, this global and quantitative view shows that
MCF-7 and MDA-MB-231 breast cancer cells exhibit unique
alterations in protein expression profiles after co-culture with
CAA, and furthermore, that majority of the proteins
identified by discovery proteomics in breast cancer cells
remain unchanged by cross-talk with CAA.

Bioinformatic analysis identified cellular components and
pathways overrepresented by differentially regulated proteins
following co-culture in breast cancer cells. Cellular
components and pathways enriched in CAA-MCF-7 and
CAA-MDA-MB-231 breast cancer cells were identified by
statistical over-representation testing in PANTHER using
gene list analysis, on the GO-Slim cellular components and
PANTHER pathways (p<0.05) (Tables III and IV). When
analysis included all identified proteins, similar cellular
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components were enriched in MCF-7 and MDA-MB-231
cells, mostly pertaining to intracellular cytoplasmic, organelle
and macromolecular complexes. More specifically, the
enriched components were proteins from the nucleus and
nuclear structures, as well as cell cytoskeleton, ribosomal and
protein complexes. The enrichment of pathways relating to
proteins that were differentially regulated in CAA-MCF-7
and CAA-MDA-MB-231 cells following co-culture, the
direction of regulation and the corresponding proteins
associated with these pathways are shown in Tables III and
IV. The enriched tricarboxylic acid (TCA) cycle in CAA-
MCF-7 and glycolysis pathway in CAA-MDA-MB-231 were
the only pathways with all associated proteins up-regulated
during co-culture. The ubiquitin proteasome pathway was
commonly enriched in both CAA-MCF-7 and CAA-MDA-
MB-231 cells, in which the majority of the associated
proteins were 26S proteasome subunit proteins, and were
down-regulated during co-culture. The CAA-MCF-7 cells
predominantly down-regulated the 19S regulatory particle
subunit proteins, whereas CAA-MDA-MB-231 decreased
expression of both 19S5 and 20S subunit proteins.
Differentially regulated proteins associated with Huntington’s
and Parkinson’s disease pathways were significantly enriched
in CAA-MCF-7 and CAA-MDA-MB-231, respectively. A
component of the eukaryotic translation initiation factor 3
complex (EIF3F) required for initiation of protein synthesis
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Table II. The top 20 proteins organised by greatest fold change (FC) in MDA-MB-231 cells co-cultured with mature breast adipocytes.

UniProt ID Protein Protein Length? Unique FCc Abundance
description peptidesb variabilityd

Q96597 MYADM Myeloid-associated differentiation marker 322 3 1.118 6.33
Q92597 NDRG1 Protein NDRG1 (Differentiation-related gene 1 protein) 394 5 1.093 9.87
Q04941 PLP2 Proteolipid protein 2 152 2 0.996 16.95
015427 MOT4 Monocarboxylate transporter 4 465 3 0.804 19.47
075976 CBPD Carboxypeptidase D 1380 6 0.74 16.21
P48651 PTSS1 Phosphatidylserine synthase 1 473 2 0.739 22.57
095479 G6PE GDH/6PGL endoplasmic bifunctional protein 791 2 0.656 9.28
P04233 HG2A HLA class II histocompatibility antigen gamma chain (CD74) 296 3 0.628 943
P40261 NNMT Nicotinamide N-methyltransferase 264 5 0.624 29.75
Q99961 SH3Gl1 Endophilin-A2 368 3 0.604 17.95
Q8IV08 PLD3 Phospholipase D3 490 5 0.59 24.16
P13674 P4HA1 Prolyl 4-hydroxylase subunit alpha-1 534 7 0.576 21.21
P14854 CX6Bl1 Cytochrome c oxidase subunit 6B1 86 2 0.573 5.07
Q9Y237 PIN4 Peptidyl-prolyl cis-trans isomerase NIMA-interacting 4 131 2 0.567 35.36
P00558 PGK1 Phosphoglycerate kinase 1 417 24 0.565 4.25
P26885 FKBP2 Peptidyl-prolyl cis-trans isomerase FKBP2 142 3 0.546 741
Q15003 CND2 Condensin complex subunit 2 741 2 -0.544 15.76
Q9Y570 PPMEI1 Protein phosphatase methylesterase 1 386 6 -0.62 12.6
000622 CYR61 Protein CYRG61 (Cysteine-rich angiogenic inducer 61) 381 3 -0.795 28.47
P08195 4F2 4F2 cell-surface antigen heavy chain 630 6 —0.952 13.22

aAmino acid residues; PNumber of unique peptides identified based on a FDR of < 1%; ¢Log of the average co-culture/control ratios (fold change);
dVariability of the peptide ratios as a percentage (normalised measure of the peptide ratio spread).

was down-regulated in both cell types. Finally, proteins
involved in de novo purine biosynthesis were differentially
regulated in CAA-MDA-MB-231 cells, with up- and down-
regulation occurring within this pathway (Table IV).

Validation of mass spectrometry results by Western analysis.
To validate mass spectrometry results, western analysis was
used to determine the protein abundance of NDRG1 (N-myc
downstream regulated 1), PGK1 (Phosphoglycerate kinase 1)
and TFF1 (Trefoil factor 1; Breast cancer oestrogen-
inducible protein) in CAA-MCF-7 and CAA-MDA-MB-231
cells or control breast cancer cells cultured alone (Figure 3).
These three candidate proteins were selected based on
differential abundance in either or both CAA-MCF-7 and
CAA-MDA-MB-231, their relevance to breast cancer and the
availability of well-characterised primary antibodies. In
concordance with the iTRAQ quantification, PGK1 and
TFF1 showed increased expression in CAA-MCF-7 cells
(n=3 experiments), when measured by western blotting (fold
change: PGK1=1.551 and TFF1=2.856) (Figure 3A and C).
Similarly, NDRGI1 and PGK1 were increased in CAA-MDA-
MB-231 cells, validating the iTRAQ results (fold change:
NDRG1=4.632 and PGK1=1.547) (Figure 3B and D).
However, the NDRG1 up-regulation was more than two-fold
higher when measured by western analysis compared to the
iTRAQ quantification (NDRG1=2.137) (Figure 3B and D).

As expected, mass spectrometry did not detect TFF1
expression in hormone receptor negative MDA-MB-231
cells, and this was validated by western analysis (Figure 3B
and D). The only discordance was NDRG1 fold change
measured in CAA-MCEF-7 cells, showing an up-regulation by
western analysis (2.193) but no change in expression by
iTRAQ quantification (0.952) (Figure 3A and C).
Furthermore, in accordance with the findings of the iTRAQ
measurements, the fold changes measured by western
analysis for PGK1 and TFF1 candidate proteins remained
consistent across the replicates, whereas the fold changes for
NDRGI1 were more variable, as shown by the large error bars
(Figure 3A and B).

Discussion

The complex reciprocal communication between breast
cancer cells and mature breast adipocytes has pro-
tumorigenic consequences (2, 20). However, the cellular
processes causing CAA-related breast cancer pathogenesis
are not well understood. Thus, studies investigating
proteomic and phenotypic changes in breast cancer cells are
clinically important. Previously, the differential regulation of
rationally targeted proteins has been investigated following
co-culture with CAA (14, 17, 18). In this study, we identified
global protein abundance and associated pathways that are
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Table II1. Significantly enriched (p<0.05) cellular pathways in the complement of proteins that were found differentially regulated in CAA-MCF-7.

PANTHER Pathway Up-regulated proteins®*

Down-regulated proteins?*

TCA Cycle
Ubiquitin proteasome

FH, OGDH, CS, DHTKD!1
PSMD14, UCHL5

Huntington disease ARF5, CYCI1, GAPDH, CLTB

EIF3F, PSMC4, PSMD8, PSMD1, PSMD6,
PSMD12, PSMD9, UBE2D3, UBE2N
DCTNI1, CLTA, BAX, ARF6, ARPCS,

CAPN1, CAPN2, VAT1, TUBB6

aProteins increased by 1.1-fold or greater in MCF-7 and MDA-MB-231 cells following transwell co-culture with mature adipocytes; PProteins
decreased by 1.1-fold or greater in MCF-7 and MDA-MB-231 cells following transwell co-culture with mature adipocytes; *Proteins are represented

by gene names as reported by UniProtKB.

Table IV. Significantly enriched (p<0.05) cellular pathways in the complement of proteins that were found differentially regulated in CAA-MDA-

MB-231.

PANTHER Pathway Up-regulated proteins®*

Down-regulated proteinsb*

ALDOA, PGK1, ENO2, TPI1, PFKL
AK4, AK2, CMPK1
UBE2L3

Glycolysis
De novo purine biosynthesis
Ubiquitin proteasome
Parkinson disease

GRP78, PSMB10, YWHAB, SFN

YWHAG, NDUFV2, UBE2L3, YWHAZ,

ADSL, PPAT, GART, NME2, IMPDH2
EIF3F, PSMC1, PSMC4, PSMC3, PSMD11, PSMD13, PSMD7
MAPKI1, PSMAS, PSMD13, PSMB3, CSNK2A1,
FYN, PSMA3, PSMAG6, HSPAS, PSMB7

aProteins increased by 1.1-fold or greater in MCF-7 and MDA-MB-231 cells following transwell co-culture with mature adipocytes; YProteins
decreased by 1.1-fold or greater in MCF-7 and MDA-MB-231 cells following transwell co-culture with mature adipocytes; *Proteins are represented

by gene names as reported by UniProtKB.

differentially regulated in two well-characterised breast
cancer cell lines, representing key breast cancer molecular
subtypes (hormone receptor positive, MCF7; triple negative,
MDA-MB-231), following 3-day transwell co-culture with
human breast adipocytes.

In this study, differential protein abundance of 1.5-fold or
greater was quantified for a relatively small number of the
proteins identified in both MCF-7 (n=85/1126) and MDA-MB-
231 (n=63/1218) breast cancer cell lines. The oestrogen and
progesterone responsive MCF-7 cells, categorised as having
luminal A phenotype (ER*, PR* and HER2") (24), showed
predominant down-regulation of highly differentially regulated
proteins (n=53/85; 62%). In contrast, MDA-MB-231 hormone
receptor negative (ER™, PR™ and HER2") cells, which are
categorized as mesenchymal stem-like or basal B (24), mainly
demonstrated up-regulation of highly differentially regulated
proteins (n=51/63; 81%). Phosphoglycerate kinase-1 (PGK1)
was the only protein to be similarly differentially regulated by
more than 1.5-fold in both cell lines after adipocyte co-culture
(i.e. up-regulated in both cell lines), highlighting a potential
common mechanism by which CAA may promote breast
cancer cell migration, invasion and resistance to therapy.

PGK1 is overexpressed in a variety of cancers (32-37), and
high PGK1 protein expression in tumours is associated with
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increased metastatic dissemination (38, 39), a multidrug,
resistant phenotype (36, 40, 41) and poor patient survival
outcomes (35-37). In breast cancer, PGK1 mRNA and protein
are more highly expressed in breast tumour than in normal
breast tissue (36), and elevated tumour PGKI1 protein
expression is associated with high histologic grade, positive
ER, HER-2 and p53 status, and poor overall survival in
patients treated with paclitaxel (36). PGK1 protein is highly
expressed in HER-2/neu-positive tumours and breast cancer
cell lines (42), but is not significantly associated with any
particular breast cancer molecular subtype (36).

PGK1 catalyzes the reversible conversion of 1,3-
diphosphoglycerate to 3-phosphoglycerate, and is the first
ATP generating enzyme in the glycolytic pathway (43).
Recent evidence shows that, in addition to its function as a
glycolytic enzyme, PGK1 has a number of other
mechanistically distinct functions that are determined by
post-translational modification and subcellular localisation
(44-47). For example, PGK1 can function as a protein kinase
to reduce mitochondrial pyruvate metabolism and initiate
cellular stress-induced autophagy. Therefore, PGK1 has the
potential to co-ordinate aerobic glycolysis, mitochondrial
metabolism and autophagy, to maintain cellular homeostasis
and promote proliferation during tumourigenesis (45, 47).
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Figure 3. Validation of candidate protein abundance by western blot analysis. A and B: The average fold change (FC) in protein abundance in co-
culture (CC) compared to control (Con) MCF-7 and MDA-MB-231 cells, for each candidate protein (NDRGI, PGKI1 and TFF1) as measured by
iTRAQ LC-MS/MS (white) and western analysis (grey). Data is presented as mean+SEM. C and D: Representative western blots for the abundance
measurement of PGK1, TFF1 and NDRGI in MCF-7 (Con), CAA-MCF-7 (CC), MDA-MB-231 (Con) and CAA-MDA-MB-231 (CC).

The current study did not address the metabolic phenotypes
of breast cancer cells after transwell co-culture with CAA.
Therefore, future studies are required to better understand the
subcellular localisation and function of PGK1 in breast
cancer cells exposed to CAA, and its role in co-ordinating
metabolic pathways with other cellular processes critical to
breast cancer cell survival, growth and metastasis.

Three proteins identified by mass spectrometry (NDRGI,
PGK1 and TFF1) were selected for validation by western
analysis. These three candidate proteins were chosen because
they appeared in the top 20 most differentially regulated

proteins for either MCF-7 (Table I) or MDA-MB-231 (Table
II) cells. In addition, expression of all three candidates has
been associated with poor breast cancer outcomes and, in
some cases, increased resistance to anti-tumour therapeutics
(36, 48, 49); underlining the clinical relevance of the current
findings. Western analysis validated the iTRAQ results for
all but NDRG1 protein abundance in MCF-7 cells. The
potential for iTRAQ measurements to underestimate fold
change may explain the smaller fold change values reported
here by iTRAQ compared to western analysis, particularly
for NDRGI1 expression in MCF-7 cells (50). Since the aim
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of the current study was to obtain proteomic profiles from
two disparate breast cancer cell lines after exposure to CAA
for lead generation purposes, the subsequent application of
additional independent methods to confirm protein fold
change values is required as the next step in any further
investigation of candidate protein(s).

Pathway analysis showed that transwell co-culture with
CAA induced both MCF7 and MDA-MB-231 breast cancer
cell lines to up-regulate a number of proteins involved in
glycolysis and the tricarboxylic acid (TCA) cycle (Figure 4).
CAA-MCF-7 cells predominantly up-regulated proteins
involved in the tricarboxylic acid (TCA) cycle (Table III),
whereas CAA-MDA-MB-231 cells primarily up-regulated
proteins involved in glycolysis (Table IV). In line with a
metabolic shift towards enhanced glycolysis, CAA-MDA-
MB-231 cells also showed up-regulated abundance of lactate
dehydrogenase subunits LDHA and LDHB, and
monocarboxylate transporter 4 (MCT4) (see supplementary
material), which are involved in the interconversion of
pyruvate and lactate (51, 52), and transport of cellular lactate
(53), in and from breast tumour cells, respectively.

The ‘Warburg effect’ describes the metabolic shift to
aerobic glycolysis cancer cells undergo to fulfil their
energetic requirements, even under conditions of adequate
oxygen supply (54), and triple negative breast cancer cells
and tumours are characterised by elevated glycolysis (55).
More recently, the two-compartment energy model has
been proposed to explain the wunique metabolic
relationships occurring between cancer cells and stromal
cells within the tumour microenvironment. According to
this model, cancer cells act as metabolic parasites that
stimulate catabolic pathways in proximal stromal cells to
gain an energetic advantage that fuels cancer cell
metabolism and tumour progression (56). Previous studies
have shown that ovarian (57), prostate (58) and breast
cancer (17, 19) cells induce lipolysis in stromal
adipocytes, and that the resulting metabolites (glycerol,
free fatty acids) are secreted and transferred to cancer cells
where they induce proliferation, migration and invasion.
Furthermore, these studies showed that adipocyte co-
culture enhances breast cancer cell progression by
stimulating fatty acid uptake, storage and mitochondrial
fatty acid oxidation in both MCF7 and MDA-MB-231
breast cancer cells (17, 19). Carnitine palmitoyltransferase
1 (CPT1) is the rate-limiting enzyme in mitochondrial fatty
acid oxidation (59), and basal levels of CPT1 and fatty
acid oxidation are higher in MCF-7 than MDA-MB-231
breast cancer cells (17). In the current study, global
proteome analysis identified an up-regulation of CPT1A in
both CAA-MCF-7 and CAA-MDA-MB-231 breast cancer
cells (see supplementary material). Together with the
observed enrichment for increased expression of TCA
cycle proteins in CAA-MCF-7 breast cancer cells, these
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Figure 4. MCF-7 and MDA-MB-231 breast cancer cells up-regulate
enzymes of glycolysis and TCA cycle after co-culture with CAA. iTRAQ
LC-MS/MS protein abundance data and bioinformatic analysis indicates
an enriched up-regulation of TCA cycle and glycolysis pathway proteins
in MCF-7 and MDA-MB-231 breast cancer cells after co-culture with
CAA. Up and down arrows represent enzymes with abundance changes
greater than 10%, and the direction of regulation (increased or
decreased) compared to control breast cancer cells. White circles show
enzymes that were detected, but not differentially regulated following
co-culture. White circles with black lines are enzymes undetected in this
study. *Complex comprising three subunits: OGDH, DLST and DLD,
respectively. **Complex comprising four subunits: SDHAF2, SDHB,
SDHC and SDHD, respectively. Complex subunits are gene names as
reported by UniProtKB.

results suggest that mitochondrial fatty acid oxidation is
an important source of metabolites for the TCA cycle in
MCEF-7 cells with an adipocyte rich environment.
Differences in metabolic responses in CAA may be driven
in part by oncogenic mutations characteristic to each breast
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cancer cell line (60). For example, MCF-7 cells are PIK3CA
mutant but carry a wildtype TP53 gene, whereas the more
invasive MDA-MB-231 cells have a mutant TP53 gene but are
wildtype for PIK3CA (60). Both of these genes are recognized
as prognostic markers in breast cancer (61, 62), and may also
influence the unique protein expression profiles exhibited by
MCF-7 and MDA-MB-231 breast cancer cells following co-
culture with CAA. It has been shown that by inhibiting PDH
kinase 2 (PDK2), functional p53 up-regulates the activity of
pyruvate dehydrogenase (PDH) (63). This promotes the
conversion of pyruvate to acetyl-CoA, which subsequently
enters the TCA cycle, and may contribute to the up-regulation
of TCA cycle proteins in MCF-7 cells during co-culture.

In addition to metabolic pathways, this study identified
down-regulation of ubiquitin proteasome pathway proteins
in both MCF-7 and MDA-MB-231 breast cancer cells, up-
regulation of proteins involved in de novo purine
biosynthesis in MDA-MB-231, and down-regulation of a
component of the eukaryotic translation initiation factor 3
complex (EIF3F) in both cell types. These adipocyte co-
culture induced changes may represent shifts in protein
degradation and DNA synthesis that aid in promoting breast
cancer cell proliferation and migration. Taken together, these
data demonstrate the complex nature of breast cancer cell
proteomic heterogeneity and the interplay between breast
cancer cells and stromal CAA.

This study used a 2D transwell co-culture model that
physically separates CAA and breast cancer cells, yet allows
reciprocal cross-talk between the two cell populations via
secreted factors (2, 8, 14, 17, 18). A major strength of the
current study was that it used adipocytes isolated and
differentiated from human mammary adipose tissue, whereas
most previous studies have used murine pre-adipocyte cell
lines or human abdominal adipose tissue pre-adipocytes (2, 8,
14, 17). Breast tumours in vivo have potential for direct CAA
and breast cancer cell contact (2), and previous studies using
3D collagen gel matrixes have all observed similar but more
pronounced effects of CAA on breast cancer cell growth,
migration and invasion than those observed using 2D models
(9, 12, 64). Furthermore, this study measured a snapshot of
protein expression in a population of breast cancer cells after
a three-day adipocyte co-culture, whereas the expression of
proteins in vivo is likely to be dynamic. Thus, further studies
are required to better understand how CAA affect breast
cancer cell phenotype and function by altering abundance of
proteins and their associated pathways over time.

Conclusion

This study identified a number of relative protein abundance
changes in breast cancer cells co-cultured with human mature
breast adipocytes in an in vitro transwell system. Hormone
receptor-positive (MCF7) and triple-negative (MDA-MB-231)

breast cancer cells showed predominant down- and up-
regulation of highly differentially regulated proteins,
respectively, supporting the concept that reciprocal
communication between breast cancer cells and CAA is
heterogeneous, and likely breast cancer cell type specific.
Analysis showed that the regulated molecules participate in
pathways related to metabolism, protein ubiquitination and
purine synthesis, and identified PGK1 as the only commonly
up-regulated protein in both cells. Overall, this investigation
aids in better understanding the molecular mechanisms by
which CAA regulate breast cancer cell phenotype and function,
and provides a platform for future research to identify novel
protein targets involved in breast cancer cell-CAA crosstalk.
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